Physics Formula Sheet

® o o Natural Constants

Speed of light

Reduced Planckh = h/27m
Avogadro number
Elementary charge

Proton mass

Gravitational constant

Vacuum permittivity

c=2.998 x 108 m/s

h =1.055 x 10734 J.s

N4 = 6.022 x 1023 mol—!
e=1.602x 10719 C

mp = 1.6726 x 10727 kg

G = 6.674 x 10~ N-m?/kg?

€0 = 8.854 x 10712 F/m

Planck constant
Boltzmann constant

Gas constant R = Nakp
Electron mass

Neutron mass

Standard gravity
Vacuum permeability

Stefan-Boltzmann

h =6.626 x 10734 J.s
kp = 1.381 x 10~23 J/K
R = 8.314 J/(mol-K)

me = 9.109 x 1031 kg
my, = 1.6749 x 10~27 kg
g = 9.807 m/s?

po = 1.257 x 10=6 H/m

o =5.671 x 10~8 W/(m2K*)

Coulomb constant k. = 8.988 x 102 N-m2/C2
ke = 1/4meo
Bohr radius ap =5.292 x 1011 m

Fine-structure constant a = €2 /(4mephc) ~ 1/137.036

Atomic mass unit u=1.661 x 10=27 kg

I 1 Mechanics

1.1 Kinematics

v =wvo + at, x:xo+vot+%at2

v =0l +2a Az
r position [m], v velocity [m/s], a acceleration [m/s?]

1.2 Dynamics & Conservation

F=ma=p, p=mv
J=Ap= /th (impulse)
GMm GM
Fgrav = _Tm7"7 Ugrav = — r o

p momentum [kg-m/s], J impulse [N-s], G gravitational constant

Friction

fs SusN,  fr = uxN

s, pr Static/kinetic friction coefficients, N normal force

Rydberg energy Er = 13.606 eV

Wien constant b=2.898 x 10~3 m-K

Proton—electron mass ratio mp/me = 1836.15

1.3 Work, Energy & Power

/F~ds

1,2
E, = 3mv7,

w

Uspr'\ng = %kxz
E, + U = const (conservative forces)

AW
p=W _
dt v

W work [J], k spring constant [N/m], P power [W]

1.4 Rotational Mechanics

T=rxF=Ix
L=rxp=Jw, =L

1 2
Erot = 5](4)

I= /7"2 dm, I = Iem+md® (parallel axis)

T torque [N-m], I moment of inertia [kg-m?], w angular velocity [rad/s], L angular

momentum [kg-m?/s]

Common Moments of Inertia

Solid sphere  2mR?  Hollow sphere  ZmR?
Solid cylinder ~ 1mR?  Thinring mR?
Rod (centre) +mL? Rod (end) LlmrL?



1.5 Oscillations

it wor=0 = x(t) = Acos(wot + ¢)

wo = /k/m (spring), wo = +/g/L (pendulum)

T =2m/wo, f=wo/2T

wo natural frequency [rad/s], A amplitude, ¢ initial phase, T period [s]

Damped & Forced Oscillation

F
T+ 2’ydv+w§x = % coswt
m

W =R =22,y = A cOS(Wt + )

F()/m
Ares =
VR = PR T d

~ damping coefficient, w’ damped frequency, Ares forced amplitude

| 2 Electrodynamics

2.1 Electrostatics

= 4731;]2712’? (Coulomb)
0
E=-VV, V=12
dmegr
j{E.dA: Qee o v.E=L (Gauss)
€0 €0
N

E electric field [V/m], V' potential [V], p charge density [C/m?], u energy density

[J/m3]
Capacitance
C=Q/V, U=@Q*2C =1CV? Cp=eoA/d
C capacitance [F], A plate area [m?], d separation [m]
Dielectrics
D=¢coE+ P =c¢re0E, V- D= ppree
D displacement field [C/m?], P polarisation, e, relative permittivity

2.2 Magnetostatics

/,Lo] dl X 7 .
dB = B (Biot-Savart)

%B ~dl = polenc & V x B =pod (Ampere)

F=qgvxB=1ILxB (Lorentz/Laplace)
B magnetic flux density [T], I current [A]

Useful Field Results

Long wire B = pol/27r

Solenoid (n turns/m) B = ponl

Magnetic dipole moment  p=IA T=p xB

Inductance & Magnetic Energy

E=-LI, U=LLI’, up=B*/2u0

L inductance [H], £ EMF [V], uz energy density [J/m?]
2.3 Maxwell's Equations (SI)

V-E=p/eo

V-B=0

V xE=—-0B/dt

V x B = uod + pogo OE/0t

J current density [A/m?]
2.4 Circuits

V=IR, P=IV=I"R=V?/R

R=pl/A, p=po[l+a(T —1Tp)
Zr=R, Zc=1/iwC, Zp=1iwL
TrRe = RC, 7rp =L/R, wo=1/VLC

p resistivity [Q2-m], I length, A cross-section, Z impedance [€2], 7 time constant

2.5 Electromagnetic Waves

¢=1/\/fgo, Eo=cBo
S = ug'E x B (Poynting vector)
(S) = eocE] /2 = ¢Bg /2u0  (intensity)
P.g = (S)/c (absorbing), Pag = 2(S)/c (reflecting)

S Poynting vector [W/m?], Eo, Bo amplitudes

I 3 Thermodynamics

3.1 Laws of Thermodynamics

dU = 6Q — 6W, W =pdV (1st)
dS > 6Q/T (2nd, Clausius), S —0asT — 0 (3rd)

U internal energy [J], Q heat [J], W work [J], S entropy [J/K], T temperature [K]
3.2 Ideal Gas

pV =nRT = NkgT
U= L{NksT (f degrees of freedom)
CV:%-R) OP:CV+R7 ’Y:CP/CV

n moles, N molecules, f: 3 (monatomic), 5 (diatomic, rigid), v adiabatic index



Thermodynamic Processes

Isothermal T =const W =nRTIn(V2/V1)
Isochoric V =const W =0 AU =Q
Isobaric p = const W = pAV

Adiabatic Q=0 pV?Y = const, TVY~! = const
Carnot Efficiency

Ncamot = 1 — TC/TH7 Coprefrigeraior = TC/(TH - TC)

Te cold, Ty hot reservoir temperature [K]
3.3 Thermodynamic Potentials

H=U+pV (enthalpy)

F=U-TS (Helmholtz free energy)

G=H-TS=U-TS+pV (Gibbs free energy)
dG = —SdT + Vdp + pdN

1 chemical potential [J/mol], H enthalpy [J]; equilibrium: dG = 0 at const T', p
3.4 Statistical Mechanics

S =kpInQ (Boltzmann entropy)
ey

(E)=-0InZ/8B, F=—kgTIhz

€ number of microstates, Z canonical partition function

Maxwell-Boltzmann Speed Distribution

m \3/2 )
fv) = 47m<27rkBT> vie ™V /2kBT

vmp = V/2kgT /m, (v) =+/8ksT/mm, vms = /3kT/m

Heat Transfer

Qcond = —kA VT (conduction)
Qrag = 0 AT* (black body),  Qconv = RAAT

x thermal conductivity [W/(m-K)], k convective coefficient [W/(m?K)]

I 4 Quantum Mechanics

4.1 Wave—Particle Duality

E=hf=hw, p=h/A=hk
Age = h/p (de Broglie wavelength)

f frequency [Hz], A wavelength [m], & = 27 /A wave number [m~1]

4.2 Schrodinger Equation

z‘haa—f = HVU (time-dependent)
Hy = Evy  (time-independent)
H= —ﬁVQ +V(r)
T 2m

W wave function, A Hamiltonian operator, V' (r) potential energy

Normalisation & Expectation Values

—o0

Common 1D Solutions

Particleinbox (0 < = < L)

Harmonic oscillator

/ U do = 1, (A):/\I!*A\I/dw

E, = n27r252/2mL2, n=12,...

E, =hwo(n+ %), n=0,1,2,...

4.3 Uncertainty Principle

A

zAp>h/2,

A standard deviation of observable

4.4 Operators

AE At > h/2

i=x, p=—ikV, E=ihd,
[x,p] = iFL, [El, [A/]} = iﬁ&‘i]‘ki]k

4.5 Angular Momentum

LY™ =R+ 1)V,

1=0,1,2,...;

L.Y,™ = hmY™

m=—l,...,+l

5215, ms) =R%s(s + 1)|s,ms),  Si|s,ms) = hms|s, ms)

Y™ spherical harmonics, I orbital g.n., m magnetic q.n., s spin g.n.

4.6 Hydrogen Atom

5o Bn_ 13606V
’[’L2 n2 ? ? ) b
4 2
a0 = AT _ 5992 x 1071 m
Mmee

n principal q.n., Eg = 13.606 eV Rydberg energy, ao Bohr radius

Spectral Series & Selection Rules

:Rw<

=41,

11
nt n3)’

Am =0,+1,

Roo = 1.097 x 10" m™¢

As =0 (ET rules)



I 5 Special Relativity

5.1 Lorentz Transformation (S’ moves at v along )

t' =~(t —vz/c?), o' =~(x—ovt)
y=1/\/1-082, B=v/c

At = v Aty (time dilation), L = Lo/~ (length contraction)

~ Lorentz factor, Atq proper time, Lo proper length
Relativistic Velocity Addition

, u—v

U =—-—=
1—wuv/c?

5.2 Relativistic Energy & Momentum

E= 7m627 EO = m027 Ek = (’V - 1)mc2
p = ymv
E* = (pc)® + (mc*)®  (dispersion relation)

E rest energy, E}, kinetic energy, m invariant rest mass
5.3 Spacetime Interval & Doppler

52 = = At* + Az® + Ay® + AZ? (invariant interval)

LF5

fobs = fsrc 1 :tﬂ

(—/+: receding/approaching)

I 6 Fluid Dynamics

6.1 Fundamental Equations

% +V-(pv) =0 (continuity)

A1v1 = AQ'UQ
p+ 2pv® + pgz = const  (Bernoulli)

(incompressible flow)

p density [kg/m?3], v velocity field [m/s], p pressure [Pa], z height [m]
6.2 Viscous Flow

Tehear = ndv/dy (Newton's viscosity law)
Re = pvL/n (Reynolds number)
Q = 7R*Ap/8nL (Hagen-Poiseuille)

n dynamic viscosity [Pa-s], Re < 2300 laminar, Re 2 4000 turbulent, @ flow rate

[m3/s]

Navier—Stokes (incompressible, V - v = 0)

POV + (V-V)V) = —Vp+ Vv +f

f body force per unit volume

Drag, Buoyancy & Surface Tension

Fsiokes = 6mnro (sphere),
Ap = 2v/R (bubble),

Fy = psVsung
Ap = 4v/R (soap film)

r sphere radius, « surface tension [N/m], R radius of curvature

| - 7 Optics
7.1 Geometric Optics

n1SiN#; = nasinfz  (Snell’'s law)

0p = arctan(n2/n1) (Brewster's angle)
sinf. = na/n1  (critical angle, TIR for ny > ns)

n refractive index, 8 angle from surface normal

Thin Lens & Mirror Equations

1 1 1

?7d70+d7i’ m**di/do

1_ (n—1) (i - i) (lensmaker’s equation)
f Ry R

f focal length, d,, object distance, d; image distance (+: real, —: virtual), m mag-

nification

7.2 Wave Optics

Double-Slit Interference (Young)

dsinf = mA (max), dsind = (m+ 3)A (min)

Ay = AL/d (fringe spacing)

d slit separation, A wavelength, m € Z, L screen distance

Single-Slit Diffraction

asin® = mA (minima), .

. 2 .
1) :Io<sma> e Tasing

a slit width, first minimum atsin@ = X\/a

Diffraction Grating & Resolving Power

dsin® =m\, R =AAX=mN

d grating spacing, N total number of slits, R resolving power

Thin Film Interference
2nt = mA (constructive, no net phase shift)
2nt = (m + 3)A (destructive)

n film index, ¢ thickness; reflection from denser medium adds A\ /2 phase shift

Photons

c= f)\: Ephoton = hf = hC/)\, Pphoton = h/)\ = E/C



| 8 Particle Physics

8.1 Radioactive Decay

N(t) = Noe ™ = Noe /7
)\:|n2/t1/2, ’7':1/)\7 A=AN

X decay constant [s 1], 7 mean lifetime [s], t1 /2 half-life [s], A activity [Bq]

Q-Value of a Reaction

Q:(mi—mf)CQZKf—Ki

Q > 0: exothermic/exoergic; Q@ < 0: endothermic, requires threshold energy

8.2 Standard Model Particles

Quarks (x3 colours)  u,d(Q =+%2,-3%).¢,s,t,b

Leptons e, 1T, T, Ve, vy, vr (+antiparticles)
Gauge bosons v (EM), W#, Z° (weak), g gluons (strong, 8)

Higgs H° mpy ~ 125 GeV/c?

I 9 Solid State Physics

9.1 Crystal Structure & Diffraction

2dsinf = mX (Bragg's law)

G-R=2mn (reciprocal lattice condition)

d plane spacing, 6 Bragg angle, G reciprocal lattice vector, R lattice vector, n € Z
9.2 Free Electron Model (Drude)

o= nezT/me, J=o0E
pe = er/me  (Mobility)
o conductivity [2~*m™1], 7 scattering time, n. carrier density [m 3], . mobility
[m2/(V-s)]

Fermi Energy (3D, T = 0)

52 2 \2/3 3n E 1/2
Ep = o) e
P = g BT g(E) = o

Ey Fermi energy, g(E) density of states [J~*m~3]

Hall Effect

Ry =Vu/(IB) =—1/(ne) (Rm > 0forholes)

Vi Hall voltage, sign determines carrier type
9.3 Semiconductors

2 —E4/kgT
n? =np = NeNve "o/t

I=1Io(e?V/*8T — 1) (Shockley diode equation)

n; intrinsic carrier density, E4 band gap, N¢, Ny effective DOS at band edges

9.4 Phonons & Lattice Specific Heat

CY™ o T* (low T), Cv — 3Nkgp (Dulong-Petit, high 7))

E =hwi,  (phonon energy)

0p Debye temperature; Dulong-Petit: classical limit 3R ~ 24.9 J/(mol-K)
9.5 Superconductivity

R=0forT <T.

B = 0 inside superconductor (Meissner effect)

(zero resistance)

T, critical temperature; above T or critical field B.: superconductivity breaks

down

| 10 Plasma Physics

10.1 Plasma Parameters

Ap = \/eoksT /ne? (Debye shielding length)
wp = \/ne2/eome (electron plasma frequency)

we,e = eB/m. (electron cyclotron frequency)

rr, = muv, /eB (Larmor / gyroradius)

n plasma density [n~3], A\p Debye length; plasma condition: n,)\‘;’j >1
10.2 Plasma Waves & Cutoffs

w® = w; +k°c¢*  (EM wave in unmagnetised plasma)

Niretr = m (refractive index)

Wave evanescent (n.f imaginary) when w < w,; cutoff atw = w,

| 11 Astrophysics

11.1 Orbital Mechanics & Kepler

2
= 27;\/[ a®  (Kepler's 3rd law)

Vorb = V GM/T, Vesc = ZGM/R

Eomit = —GMm/2a (total mechanical energy)

T2

T period, a semi-major axis,  orbital radius, R body radius, vesc €scape speed
11.2 Stellar Physics

L =4nR2 0Ty (luminosity)
AmaxT = b = 2.898 x 107*m-K  (Wien's law)
F = L/4rnd®> (flux from source at distance d)

m1 —mg = —2.5l0g,,(F1/F2) (Pogson's law)

L luminosity [W], R, stellar radius, Ty effective temperature, F' flux [W/m?2], m

apparent magnitude



Distance Modulus

w=m—M = 5log,,(d/10pc)

M absolute magnitude, d distance in parsecs; 1 pc = 3.086x 10 m
11.3 Black Holes & General Relativity

ds® = —fPdt* + fldr? + r2dQ?
f=1—rs/r, rs=2GM/c (event horizon)

Guv +Aguw = %TGTW (Einstein field equations)

rs Schwarzschild radius, A cosmological constant, T},,, stress-energy tensor,

dQ? = db? + sin®6 d¢?

Gravitational Redshift & Time Dilation
Zgrav RS A(I>/c2 = GM/RCQ, Attar = Atnear//1 —1s/7
11.4 Cosmology

v = Hod (Hubble-Lemaitre law), Ho ~ 70km/s/Mpc
H =a/a (Hubble parameter), 2z = Agps/Aem — 1

H, Hubble constant, a(t) cosmic scale factor, z cosmological redshift



